ABSTRACT
INTRODUCTION
Condition monitoring of power plant items and cable networks is becoming increasingly important as customers demand for cheaper electricity rises while also expecting greater security of supply. In the free market place which exists in the UK, any unscheduled outage of electrical apparatus incurs significant additional costs for utilities. Offline determination of plant condition is labor intensive, requires the system component to be isolated and causes additional stress to system components during rerouting of power. A satisfactory online method of determining plant condition is therefore desired, so as to attain economic life extension of power plant items or cable networks (through operating at levels below that which is causing the failure mechanism to exist) or to predict failure. Prediction of failure allows asset managers to properly phase in replacement of faulty components without interrupting power to clients. In power plant, measurement of partial discharges (PD) is widely recognized as an effective means of condition monitoring. PD are small electrical sparks resulting from the electrical breakdown of a gas (for example air) contained within a void or in a highly non-uniform electric field [1] . On-site and/or on-line measurement of PD has proven to be an effective tool in evaluating the condition of insulation in high voltage underground cables, motors and generators. As PDs generate both physical phenomena (including electrical, acoustic and optical phenomena) and chemical changes, PD detection methods can be generally categorised into electrical, acoustic, optical and chemical methods. Popular techniques for PD detection include Ultra high frequency (UHF) sensors [2] , High Frequency Current Transformers (HFCT) [3] , Acoustic emission (AE) sensors [4, 5] and IEC 60270 systems [6] . UHF designates a range of electromagnetic wave PD whose frequency lies in between 300 MHz and 3 GHz. The UHF PD detection method has been successfully employed to detect and monitor PD in Gas Insulated Switchgear (GIS) and transformers [2, 7] . Typical noise in the UHF range consists of continuous sinusoidal noise from communication systems, thermal noise in the detection system, and periodic pulse-shaped noise from thyristor operations. An effective denoising algorithm must be capable of removing noise in UHF signals while preserving the arrival time, in order to locate the PD source accurately [8] . HFCTs are often designed with a frequency spectrum of 30 kHz -20 MHz. They are capable of detecting both "local" discharges from the switchgear and PD pulses coming from underground cables. Differences between pulsating signals originating from electronics circuits, PD signals from switchgear and those coming from underground cables can be identified through pulse shapes [9, 10] . The rise time of the PD pulses from cables may also provide information on PD location [11] . It is important to consider the denoising technique which is being applied to ensure correct reconstruction of the PD pulse shapes. Main forms of noise include Radio Frequency (RF) signals and pulse shaped noise. Acoustic measurements of PD activity relies on the detection of a pressure wave formed from a sudden deformation within the electrically stressed material and has been applied to PD detection and location in cables, Prague, 8-11 June 2009 Paper 0260 CIRED2009 Session 1
Paper No 0260 cable accessories, switchgears and transformers [4, 5] . As in the case of the UHF method, the pulse shape of the signals associated with PD (in the range of 90kHz -250 kHz) provide limited information on the fault source or origin. To allow location of PDs, the applied denoising techniques should be able to isolate PD activity and identify the arrival time of the pulses. Arrival time of pulses is necessary for applying triangulation algorithms to locate the PD sources. The IEC 60270 system is often applied to controlled PD test due to its capability of calibration [6] . Recently efforts are made to apply the technique to on-line monitoring of transformers. The technique usually integrates PD current pulses with an oscillation of a defined frequency (hundreds of kHz). RF noise and white noise can present in this case. The desired feature of the required denoising technique is to identify a relatively fixed pulse shape [9, 12] .
DENOISING TECHNIQUES
The present authors earlier reported their investigations into the various denoising techniques as applied to the processing of data acquired from cable PD monitoring systems, including the traditional digital filter technique, the Matched Filter technique, and the Discrete Wavelet Transform (DWT) [9] . The results revealed that both the matched filter and WT techniques are superior to the traditional digital filters when applied to PD detection and analysis, in terms of signal-to-noise ratio (SNR) and the number of PDs that can be identified. The matched filter is the most effective technique when the waveform of the signal to be detected is perfectly known and where the main form of noise is white noise. On the other hand, the WT can be more flexible and more robust for on-site testing in the presence of other noise types and more severe noise interference. The matched filter loses its effectiveness quickly when the acquired pulse shape is distorted by noise or due to propagation from its site of origin to the detection point. Furthermore, although the processing time required by the WT increases linearly with the data length of the wavelet, the processing time required using the matched filter increases exponentially with its date length. Another important advantage of the WT over the matched filter is that WT allows unambiguous reconstruction of the original pulse, which is extremely useful when PD activities of distinct shape need to be identified for diagnosis or validation purpose.
Most recently the authors further improved their denoising tool in the handling of the PD data by introducing the Second Generation Wavelet Transform (SGWT) [13] . In comparison with the DWT previously adopted, the SGWT has two distinct advantages. The first is that it allows for an in-place implementation of the fast wavelet transform, a feature similar to the Fast Fourier Transform. This means the wavelet transform can be implemented without allocating auxiliary memory and, as a result, the new algorithm decreases the hardware requirements while improving the speed of calculation. The second advantage which SGWT has over the classical wavelet transform is that, by using a priori information, the filter banks can be modified to allow desired PD pulses to be extracted with better accuracy.
The general procedure of applying the SGWT to PD denoising is the same as that adopted in DWT, i.e. decomposition, thresholding and reconstruction. However, SGWT is a spatial (or time) domain construction of bi-orthogonal wavelets, based on the process known as the Lifting Scheme (LS) rather than on convolution as used in DWT. SGWT was originally developed to adjust wavelet transforms to complex geometries and irregular sampling. It can also be seen as an alternative implementation of the classical DWT. The main feature of SGWT is that it provides an entirely spatial-domain interpretation of the transform, as opposed to the more traditional frequency-domain based constructions [13] .
DENOISING TECHNIQUES APPROPRIATE TO THE FOUR DETECTION SYSTEMS

Applications to HFCT and IEC60270 systems
When DWT is applied, the effectiveness of denoising is inversely proportional to the difference between the waveform of the chosen mother wavelet and the pulse shapes to be identified. The SGWT technique allows the shape of the selected mother wavelet to be modified to match the shape of the pulses associated with PD events after they have been modified by the transmission and detection systems: for this reason SGWT is the most appropriate algorithm for denoising where HFCT and IEC60270 detecting systems are concerned. As an example, Figure 4 shows a set of data acquired from an on-line PD monitoring system. The frequency bandwidth of the HFCT is 30 kHz-20 MHz and the sampling rate is 100 MS/s. As mentioned above, high level Discrete Signal Interference (DSI) is involved so as to affect the effectiveness of PD extraction and location. The frequency spectrum of signal of this data, via fast Fourier transform (FFT), is provided in Figure 4 . The cable behaves like an antenna and picks up a significant amount of radio frequency signal, and the level of energy of the interference is much higher than that of PD pulses.
Based on the characteristics of the PD pulse shape shown in Figure 5 , which is typical of PD pulses detected by HFCTs, 'db5' is selected to be Mother Wavelet, because it is most similar to the PD signal [9] . The number of decomposition levels (N) is dependent on the sampling frequency: the number of levels should be selected to ensure that the decomposition has high enough frequency resolution to discriminate between the frequency components of the noise and PD. In order to balance computation complexity and frequency resolution, in this case, N is selected to be between 7 and 9 when the Prague, 8-11 June 2009 Paper 0260
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Paper No 0260 sampling rate is 100 MS/s. As can be seen from Figure 5 , after denoising data, a clear PD pattern appeared. The proposed denoising algorithm is also applied to a narrow-band PD detection system complying with the IEC 60270 standard. Figure 6 shows a total of ten simulated PD pulses from such a system and their frequency spectrum, mainly centered around 200 kHz to 300 kHz. The sampling rate is 100MHz. In order to simulate the PD events in a realistic manner the distribution is stochastic. The simulated PD pulse stream is corrupted by White Gaussian Noise (WGN), which is a good approximation of many real-world situations and generates mathematically tractable models. The pulses are buried within the simulated WGN at a Signal to Noise Ratio (SNR) -15dB is shown in Figure 7 . Ten PD signals are submerged into the WGN, all of the simulated PD pulses were extracted successfully.
Applications to UHF and AE systems
The responses of sensors adopted in a UHF monitoring system varies significantly, the sensors do not respond to the lower frequency contents which contain information related to the shape of the original PD shock wave. The need for identification of the PD signal arrival times is used for triangulation to locate PD source(s). A set of typical UHF signals is illustrated in Figure 8 . Since there is no requirement for the adaptivity afforded by SGWT, in this case DWT is found to be the most appropriate algorithm for the purpose. Based on the characteristics of the UHF pulse shape shown in Figure 8 , 'db11' is selected to be Mother Wavelet, because it is most similar to the UHF signal. The number of the decomposition levels is set as 5, based on the sampling rate adopted here and the frequency range of the UHF signal [10] . Decomposition at higher levels introduces more convolution causing the reconstructed signal, following denoising, to shift in time.
To suppress the presence of high level of noise, hard thresholding is applied after decomposition.
As in the previous case, WGN is adopted as real world noise and added to real UHF signals. The data shown in The authors have also showed in [6] that the proposed denoising and arrival time determination method yields good results when the noise level is no greater than the maximum magnitude of the signal. However, the effectiveness deteriorates significantly when noise grows beyond this level. This is because the added WGN covers the whole frequency spectrum. When the noise level is excessively high, noise would appear in all levels following DWT decomposition causing the DWT-based denoising method to lose its effectiveness.
The waveform of AE response to a PD event is more resular than in the case of UHF systems but is similar to UHF signals when strong noise is present. In common with the case of UHF detection, the need for identification of arrival time must be considered when determining the optimum denoising technique. An example showing a set of 5 simulated PD events of various magnitudes in noise is given in Figure 10 . Due to the similarities in the signals, the same algorithm as was applied to the example of UHF system above, is adopted here. Figure 10 (right) shows the result of PD denoising. Figure 10 : simulated AE pulse (left top), simulated AE pulsed with added WGN (left bottom) and denoised AE pulses using the proposed method (right).
DISCUSSION AND CONCLUSION
The paper discussed the main forms of noise of four popular techniques for PD detection in power systems, i.e. HFCT, IEC 60270, UHF and AE methods.
In the case of the former two techniques the desired features of the denoising technique is to identify the relevant pulse shapes which would help to form patterns and inform the source of PD origin and site of localization. In the latter two cases, it is desired to have the arrival times of the pulses associated with the PD events, as it is possible in these cases that multiple sensors could be applied and, as a result, the application of triangulation algorithm for locating the PD sources is possible. The paper also shows that SGWT is a better choice when IEC 60270 systems and HFCTs are applied because the method allows better reconstruction of original pulse shapes. Whilst in the case UHF and AE methods, DWT is more appropriate because it allows selection of higher order of mother wavelet which offers better matches to the UHF and AE responses to PD events.
